Abstract-In order to reduce the influence of the grid harmonic currents and voltages, harmonic compensation is regularly implemented for a grid-tied inverter. In this study, a new topology of a higher order power filter for singlephase grid-tied voltage-source inverters, named L(LCL) 2 , is presented. The subscript is added to the name to prevent confusion with the LLCL filter. In the proposed design, the inverter side inductance is divided into three parts, and the grid side inductor is removed. Also, an additional resonant branch at the double of the switching frequency is added to the traditional LLCL filter to attenuate high-frequency harmonics. The overall inductance of the recommended filter is smaller than the LLCL filter. A comparative study and discussions on the subject of the traditional LLCL filter and the proposed L(LCL) 2 filter have been conducted and assessed through an experimental hardware implementation on a 700 W, 120 V/60 Hz single-phase grid-tied inverter. Furthermore, a straightforward engineering design benchmark is suggested to discover parameters of the L(LCL) 2 filter. Moreover, stability analysis, loss analysis and an optimization of the L(LCL) 2 filter parameters have been conducted in this study. The analysis shows that in comparison with the LLCL filter, the L(LCL) 2 filter not only has lower voltage drop and less total inductor size, but also has improved performance in decreasing high-order current harmonics.
placed between a voltage-source inverter (VSI) and the grid [1] , [2] . L filters are normally used, but they have the drawbacks of slow dynamic response and big inductor value [3] , [4] . In comparison to a first-order L filter, an LCL filter can satisfy the standards for the grid interconnection with notably smaller size and cost, primarily for applications in several kilowatts [5] . Due to the growing cost of copper, various methods have been implemented to cut down the price of the power filter. A practical procedure is to increase the switching frequency of the inverter where the method, surely, depends on the device proficiency and cost.
Other measures, such as special topologies or controls, have been focused on by researchers [6] . With the intention of achieving a higher switching frequency and efficiency, a three-level neutral point clamped converter as a high-power renewable energy grid interface was presented in [7] . In [8] and [9] , dualmode time-sharing control methods for single-and three-phase inverters, correspondingly, were recommended to enlarge the modulation index and decrease the power filter size. However, these suggestions make the control methods or topologies more complicated, which leads to less reliability. Besides, it is very problematic for a dual-mode timesharing type inverter to reduce the harmonics or produce reactive power for the power grid. Saridakis et al. [10] present a new design technique, which employs SiC-type power devices for switching frequency optimization and improvement of the structure of the LCL-type output filter in transformerless PV inverters.
The total power loss of the LCL filter was used as the optimization factor in the designing of the filter parameters in [11] . The work in [11] , explores the LCL filter design method from the perspective of efficiency and reduction in size and weight (and therefore cost). Nowadays, most power electronic designs are limited by thermal constraints. Power dissipation and surface area have a major influence on temperature change. The volume and size of the component are two measures that the surface area of the object is directly linked with. Moreover, when it comes to the industry, price is a vital aspect of selecting the power filter in a grid-tied inverter. Recently, for more reduction of the inductor size, the LLCL-filter has been proposed in [12] . Unlike the LCL filter, it can save on total cost and material since the grid-side inductance can be significantly reduced.
In [13] , the topology of multiple shunt RLC trap filters has been analyzed, but the detailed design process was not given. Several optimized-filter designs, common-mode voltage suppression methods, recommendations, and standards were also proposed in [14] [15] [16] .
The objective of this paper is to propose a modified high-order filter design, named L(LCL) 2 filter, based on the LLCL filter. The proposed filter can reduce the harmonics at the switching frequency and multiples of the switching frequency while saving the total inductance and thereby resulting in size reduction of the filter. The most important role of the grid-side inductor in the traditional LLCL filter is to decrease the harmonics around twice of the switching frequency. In the new topology, this inductor is removed, and the inverter-side inductor is split into three parts. Then, two resonant traps at the switching frequency and double of the switching frequency are inserted in between the inverterside inductor. The proposed filter is able to attenuate the current ripple components better than the LCL and the LLCL filters.
The outline of the rest of the paper is as follows: First, the principle of an LLCL filter is presented. Then, a new engineering design procedure and parameter optimization of the highorder power filter is proposed and analyzed. Additionally, the closed-loop stability is assessed. Finally, experimental results on a 700 W, 120 V/60 Hz single-phase grid-tied inverter prototype with LLCL and L(LCL) 2 filters are carried out and compared to confirm the correctness of theoretical analysis.
II. PRINCIPLES OF THE LLCL-FILTERS
The circuit configuration of an LLCL-filter-based singlephase grid-tied VSI is illustrated in Fig. 1 . The output voltage and current of the inverter are represented as v i and i i , and the grid voltage and current are represented as v g and i g . The switching frequency is shown as f s (in hertz) or ω s (in radians per second). To simplify the analysis, the power grid is assumed to be a perfect voltage source with zero impedance, to supply a continuous voltage at the frequency of 60 Hz.
The instantaneous output voltage v i (t) of the single-phase full-bridge VSI can be calculated as (1) while it is utilized under the situation of sine-triangle, unipolar, and asymmetrical regular sampled PWM [17] v i (t) = mV dc cos(ω 0 t) where m is the modulation index, V dc is the dc-link voltage, ω 0 is the fundamental frequency, and J n (x) is referred as the integrals of the Bessel function, which is known as J n (x) = π 0 cos(nπ − xsint)dt, representing the sideband harmonic magnitude.
The inverter output impedance while ω = ω 0 can be written as
The grid-side current i g is supposed as the ideal continuous current at the fundamental frequency (considering the harmonic current recommendation in IEEE 519-2014 and IEEE 1547. 2-2008 [18] , [19] ). With that in mind, the branch circuit of inductor L 21 can be seen as being opened by considering the effects of the inverter high-frequency harmonics. The amplitudes of harmonics of inverter-side current i i can be derived as
where the amplitude output voltage harmonic
when k = 1, 2, . . . , ∞ and n = ±1, ±2, . . . , ∞. The modulation index m is assumed to be 0.9. It is clear that the harmonics around the switching frequency and then multiples of the switching frequency are the topmost harmonics of the inverter output current. Consequently, the paralleled trap L f C f is mainly limited by the harmonics around the switching frequency and the grid-side inductor L 21 is limited by double the switching frequency [20] . Assuming that the grid is an ideal sinusoidal voltage source, the transfer functions i i (s)/v i (s) can be calculated as
and the transfer functions i g (s)/v i (s) of the LLCL filter can be expressed as
III. PROPOSED L(LCL) 2 
FILTER
In this paper, a new topology of the LLCL filter structure is proposed, as also illustrated in Fig. 3 , where the inverter-side inductance of the LLCL filter is separated into three sections in order to allow inserting resonant traps in between them. Also, the resonant capacitor of the traditional LLCL filter is divided into two capacitors to produce a new resonant branch at double the switching frequency. Consequently, the grid-side inductance of the LLCL filter (L 21 ) can be removed. As a result, since the total amount of the capacitor does not change, the capacitive reactive power at rated load will remain constant. Compared to the conventional LLCL filter-based system, the additional trap inserted between the grid-side inductance does not add to the control difficulties of the system. Actually, it reduces the size of the electromagnetic part of the system, which leads to a more efficient low-pass filter. Considering A(s) and M (s) definitions as
where Z 1 (s) = sL 12 , Z 2 (s) = sL 22 2 filter can be, respectively, calculated as figures help in verifying that all the requirements are satisfied with the design. It is clear that within half of the switching frequency range, the L(LCL) 2 filter has a nearly identical frequency response pattern of an LLCL filter, and both resonant frequencies match the resonant frequency criteria of the low-pass filters for having a stable system. That is to say, compared to an ordinary LLCL filter, the additional C f 2 L f 2 branch of the LLCL filter does not bring any further control worries. Fig. 6 shows the size of the total impedance of the L(LCL) 2 filter when frequency varies from 0 to 20 kHz. It can be seen that the impedance of the proposed filter is lower than the LLCL filter, except around resonant frequencies of the filters.
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A. Analysis of Ripple Current
The time average value of the output voltage of the inverter, v AV , can be assumed constant during the switching period T s , if the switching frequency f s is greater than the grid frequency f 0 .
Hence, the current of the filter inductor of the grid-tied singlephase full-bridge inverters has a symbolic curve for the duration of any period, as illustrated by the lower waveform in Fig. 7 . In this situation, i pp , the peak-to-peak value of the filter inductor current, which is generated by the unipolar PWM switching, can be calculated as [21] 
where L is the inverter-side inductor of any kind of filter (including LCL, LLCL, L(LCL) 2 , etc.). Moreover, grid voltage v g is supposed to be a clean sinusoidal waveform. To make the analysis simpler, the fundamental component of the grid current in Fig. 3 is pretended to be zero. Consequently, the fundamental component of the voltage appears on the filter inductor is similarly zero as
Therefore, when 0 < ωt < π, (12) and (13) can be calculated as
and during 0 < ωt < π, the peak-to-peak value of the current of the filter inductor will be [22] 
B. Parameter Design of the L(LCL) 2 Filter
Some limitations were introduced by [4] , [12] to be considered when designing the LCL and LLCL filters, which could be used in the L(LCL) 2 filter.
1) The total capacitive reactive power at rated load should be less than 5% of the nominal power and capacitors are limited by this constraint.
2) The total inductance is limited by the voltage drop for the duration of operation (less than 10%). If not, the dclink voltage will be required to be higher to guarantee controllability of current, which will cause greater losses in switching devices.
3) The range of the resonant frequency ought to be bigger than ten times the line frequency or one-sixth of the switching frequency (whichever is higher) and one-half of the switching frequency, with the intention of keeping away from control and stability problems, which possibly were caused by resonance in the upper and the lower parts of the harmonic spectrum. 4) The inverter-side inductor L 12 is constrained by the maximum ripple current requirement (normally ≤ 40%). 5) Considering IEEE 519-2014, the harmonics greater than the 35th should be less than 0.3% of the rated fundamental current, if the short-circuit current of the system is less than 20 times of the fundamental grid-side current. Considering the mentioned constraints, the L(LCL) 2 filter can be designed by using the following steps:
1) With the intention of meeting a particular requirement for current ripple, the inductance can be designed from
where I ref is the rated reference peak current, α 1 and α 2 are the inverter-side current ripple ratio, which generally have the value of 15% and 40%, respectively. This inductance is the amount of total inductance of the filter (
By selecting the absorption of reactive power, while the system is operating in rated conditions, the capacitor value can be determined
where x is the absorbed reactive power percentage at fullload conditions (x < 1). The total capacitor number is limited by
Then the capacitor of each branch is almost half of the total capacitor in the LLCL filter.
3) The resonant frequency of the L f 1 C f 1 and the L f 2 C f 2 circuits are at the switching frequency and the double of the switching frequency, respectively. Thus, L f 1 and L f 2 can be calculated by
where ω s1 is the switching frequency and ω s2 is twice the switching frequency. 4) In LLCL filters, grid-side inductance L 21 is mostly used to reduce each harmonic around twice the switching frequency down to 0.3%. For an L(LCL) 2 filter, due to the additional L f 2 C f 2 branch, the current harmonics near the double of the switching frequency fulfill the IEEE 519-2014 standard with far more ease. Therefore, L 21 is replaced by a portion of L 11 . 5) The resonant frequency can be calculated by setting the dominator of (9) to zero, after replacing "s" with "jω." If it does not satisfy the requirement 3, absorbed reactive power can be changed, then return to step 2. Otherwise, the tolerable current ripple can be adjusted again, then return to step 1. 6) The quality factor of each resonant circuit should be 10 ≤ Q ≤ 50, that can be calculated as
where R f is the gapped equivalent resistance of the inductors in the resonant branches (L f 1 and L f 2 ). The most important limitations, such as the voltage drop across the inductor, the capacitive reactive power, and the amplitude of the harmonic currents, should be considered, while the design procedure is iterative with the L(LCL) 2 parameter values adjusted. The algorithm for designing the L(LCL) 2 filter is shown in Fig. 8 .
C. Design Example
Once designing a high-order filter for power inverters, the base values of the total impedance, inductance, and capacitance should be defined as
where ω b is the grid frequency and P rated is the rated active power of the inverter. Considering the constraints addressed in Section II-A, and under the condition of that f s = 20 kHz, V dc = 210 V, P rated = 700 W, grid phase to ground voltage is 120 V/60 Hz. Then, the attenuation of the current harmonics focused on the design processes of the L(LCL) 2 filter can be derived as follows: 1) By assuming the 7.7% impedance for the inverter-side inductor, L 11 is selected to be 4.2 mH. For an LLCL filter, L 21 mostly designed on the objective to decrease each harmonic around the double of the switching frequency down to 0.3%, but for the L(LCL) 2 filter, owing to the L f 2 C f 2 resonate circuit, the twice of the switching frequency harmonics are approximately eliminated. Therefore, the calculated inductance for inverterside inductance of the traditional LLCL filter is split into three smaller inductances. The first part has a value of L 12 = 2.2 mH (about 53% of calculated inverterside inductance of the conventional LLCL filter), then L 22 = 1 mH and L 32 = 1 mH. The inverter-side inductor L 12 should fulfill the requirements of (15) . In this case, the value of inverter-side current ripple is 16.40%, which is in the range between 10% and 40%. 2) To achieve the limitation of the maximum absorbed reactive power at rated conditions, the total capacitance
Hence, the capacitor value is designed to be C f 1 + C f 2 = 2 μF in order to limit the reactive power to 1.55%. This value can be increased to the limit of 5%, if some of the constraints cannot be met.
3) The grid-side inductor of L 21 is removed in the L(LCL) 2 filter, but L 22 and L 23 are two sections of the split inductor and both of them have the value of 1 (mH).
4) The consequent resonance frequency is 3.88 kHz for the LLCL, and the L(LCL) 2 filter has two resonant frequencies at 4.12 kHz and 8.01 kHz. Both resonant frequencies of the L(LCL) 2 are between one half of the switching frequency and one-sixth of the switching frequency. 5) The quality factor of resonant branches is chosen to be 50, and the equivalent resistor value of R f 1 is 0.16 Ω and R f 2 is 0.08 Ω.
D. Optimization of the L(LCL) 2 Parameters
Frequent trial and error in the design procedure increases the need to conduct an optimization of L(LCL) 2 filter on MAT-LAB software. Due to the connection between the filter parameters and the device performance indexes, the optimization is based on the total harmonic distortion (THD). Although, some useful trial-and-error solutions with computer programs can be achieved, for instance, in [23] . Changes of several performance indexes could be caused by the variation of one of the filter parameters. For building an accurate THD model, the harmonics caused by power switches and the control loop should be taken into consideration. The current harmonics provided by closed-loop transfer functions of the L(LCL) 2 filter can be expressed as follows [24] where v i (t) is calculated by (1) and the open-loop transfer function of the L(LCL) 2 filter G(s) can be calculated by (9) . According to [24] , the goal of optimization is to find the minimum values of L 12 , L 22 , and L 32 on the basis of the allowable THD. The objective function for genetic algorithm (GA) optimization can be expressed as
when L 22 = L 23 and r = L 22 /L 12 . To leave a certain margin, the restrictive value of THD can be chosen as 3% (instead of 5%). GA is an effective method to find the optimal solution. The constraint can be expressed as L 12 , L 22 , and L 32 on the premise of the allowable THD. The objective function for GA optimization can be expressed as
The parameter variety can be obtained from Section III-B. On this basis, the allowed range of 
E. Closed-Loop Stability Analysis
Many techniques are used for the analysis of the stability of a system. A popular technique is analysis of the eigenvalues 
2 μF Equivalent resistance of the inductor (R f ) 0.11 Ω to study the system stability [25] , [26] , which is explained in this section. Fig. 9 shows the typical block diagram of a current controller, where P(s), C(s), and G(s) are the model of the controller, inverter, and the proposed filter, respectively. A conventional PI controller is adopted as P(s) in order to achieve the specified dynamics, i.e.,
where k p = 1 is the proportional gain and k I = 100 is integral gain. These values are designed and tuned by the trial-and-error method. The system time delays due to discrete operation and phasor PWM blocks are neglected, i.e., C(s) = 1 and G(s) is calculated by (9), thus, the closed-loop transfer function of the current control system can be written as
The eigenvalues of (24) determine the dynamics of the closedloop system. Herein, the stability of the proposed system, with respect to the variation in system matrix parameters, is studied. This study is based on a 700 w laboratory prototype, in which parameters are summarized in Table I . The eigenvalues of the system at this operating point are λ 1,2 = −119.04 ± j98.16, λ 2,3 = −288.88 ± j25872.9, and λ 4,5 = −1401.15 ± j50313.5. The real parts of all six eigenvalues are negative, which signifies the linearized system's stability. However, the stability of the overall system cannot be guaranteed for all values of the filter parameters. Thus, for stability analysis, the eigenvalues of the system are plotted versus the variation of one parameter at a time, while the other nominal parameters remain constant.
It is worth mentioning that the range of the oscillation of all the parameters corresponds to the step-by-step design procedure in Section III. Furthermore, in transfer function (24) , the system eigenvalues remain almost constant with ±20% variations of the L f 1 and the L f 2 . In fact, the variation of the L f 1 and L f 2 does not affect the stability of the proposed system.
The impacts of L 12 and L 32 on the eigenvalues of the system are shown in Fig. 10(a) and (b) , respectively, when L 12 varies from 1.39 to 2.52 mH and L 21 varies from 0.84 to 1.485 mH. Also, L 22 is equal to L 32 , so their variations are depicted together in Fig. 10(b) .
It can be observed that the increase of the inverter-side and the grid-side inductances displaces all complex eigenvalues toward the vertical axis of the s-plan. Thus, it is predictable that the whole system's response becomes longer and less oscillatory as L 12 and L 32 increase.
The variation of system eigenvalues by varying the C f 1 and C f 2 from 0.5 to 3 μF are shown in Fig. 10 (c) and (d). As it can be seen, the impact of the C f 1 and C f 2 on the eigenvalues λ 1 and λ 2 are almost negligible. However, Fig. 10(c) shows that the complex eigenvalues λ 3 , λ 4 , λ 5 , and λ 6 move toward the real axis, which can reduce the system's natural frequencies and increases the damping factor of the system. Fig. 10(d) obviously demonstrates that all eigenvalues stay on the left half of the splane for the whole effective range, which presents the stability of the proposed system over the given range. Fig. 10 (e) and (f) illustrates the eigenvalues of the proposed system as R f 1 and R f 2 vary from 0.08 to 0.39 Ω and 0.16 to 0.8 Ω, respectively. As can be seen, increasing the resistances of the filter results in moving the real part of eigenvalues λ 3 , λ 4 , λ 5 , and λ 6 toward the left, and therefore, a faster response and less oscillatory. However, increase of the resistance increases the power losses of the system, which is usually undesirable.
IV. EXPERIMENTAL RESULTS
With the purpose of confirming the effectiveness of the suggested L(LCL) 2 filter on attenuating the current harmonics, a 700 W prototype of the single-phase full-bridge grid-tied inverter with the "STM32F4" microcontroller is constructed. The experimental parameters of the proposed filter are listed in Table I .
The experiments are investigated and evaluated under the given conditions of f s = 20 kHz, V dc = 210 V, v g = 120 V/60 Hz, P rated = 700 W, and SPWM strategy is used in the inverter. Also, a boost converter is used to step-up the voltage of the renewable power supply (86 V) to 210 V and keep the dclink voltage at this level. The switching frequency of the boost converter is 20 kHz.
Case I is the traditional LLCL filter strategy and Case II is the L(LCL) 2 filter strategy with an extra trap at 40 kHz. Figs. 11-15 show important system variables, which were captured with a LeCroy WaveRunner 64Xi oscilloscope.
Figs. 11 and 12 show the grid-side current-voltage waveforms and the power density spectrum of the grid-side currents for cases I and II, respectively. In Figs. 11(b) and 12(b) , it is illustrated that the power density of the current harmonics around 20 kHz is reduced by the factor of 3.99 dB/HZ from case I to case II, but the power density around 40 kHz increased from −103.10 B/Hz (case I) to −102.56 dB/Hz (case II). Hence, the most dominant current harmonics are diminished even more than the previous design. However, a small increase occurred at double the switching frequency, but as the power density is too small (−103.10 dB/Hz), it can be neglected. Therefore, the performance of the filter is improved.
The currents flowing through the resonant branches for Case I and Case II are shown in Figs. 13-15 , while the grid current is 5.8 A and the voltage is 120 V. The magnitude of the currents in L f 1 C f 1 and L f 2 C f 2 traps are almost half of the L f C f trap and that is because the impedance of both traps of the L(LCL) 2 filter is 2.652 kΩ (at 60 Hz), but the LLCL filter has an impedance of 1.326 kΩ. Also, it can be seen that the power density of current harmonics at the switching frequency and multiples of the switching frequency are almost the same in the L f C f branch of the LLCL and the L f 1 C f 1 branch of the L(LCL) 2 filter. In addition to that, more attenuation occurs at the L f 2 C f 2 . The measured THD% of i g in Cases I and II are 2.06% and 1.90%, respectively, and THD of v g in Cases I and II are 1.41% and 1.36%, respectively, which shows the effectiveness of the designed filter in improving the THD of the grid current and voltage. Fig. 16 shows the bode plots of the i g (s)/v i (s) transfer function for different values of the series and the resonant branch inductances. Obviously, when the values of L 12 , L 22 , and L 32 are in the range of parameter values generated by the proposed procedure, the resonant frequency variation meets the design criteria. Therefore, the system is still able to maintain stability. Furthermore, to guarantee that all current harmonic (≥ 35th) is less than 0.3% of the fundamental current, while it is assumed that the parameter variation of inductances of resonant branches are in a range of ±20%, it is essential to investigate the ripple current harmonics both at f s and at 2f s while these inductors change ±20%. The harmonics of current around the switching frequency with L f 1 ± 20% is 0.21% and the current harmonics around double the switching frequency with L f 2 ± 20% is 0.017%.
The image of the laboratory setup of L(LCL) 2 -filter-based inverter system is shown in Fig. 17 . For building the inductances of LLCL and L(LCL) 2 filters, ferrite cores with N87 material and epoxy coating are used.
V. ANALYSIS AND DISCUSSION
From the experimental results, the following can be seen: 1) In both cases, the dominating harmonic current meets the IEEE 519-2014 recommendation in the experiment. However, the current harmonic at 20 kHz has reduced, and the current harmonic at 40 kHz has the same value.
2) The value of the grid-side inductor is reduced in Case II, thus, the drop of the voltage during the operation is lower, and the dc-link voltage is the same in both cases.
3) The total value of the inductors of the L(LCL) 2 filter is reduced by a factor of 22.22%, in comparison to that of the LLCL filter. 4) The reactive power in the newly designed filter is the same as the traditional LLCL filter C f 1 + C f 2 = C f . 5) Generally, the experimental results are in acceptable agreement with the theoretical study, particularly regarding the attenuation of the harmonic current around the switching frequency and double the switching frequency.
A. Power Loss Analysis of the L(LCL) 2 Filter Components

1) High-Frequency Damping Loss:
Ignoring the grid voltage harmonics and the dead-time effect, the most dominating high-order current harmonics contain the switching frequency and the double of the switching frequency. The damping loss in the high frequency can be obtained as follows [27] :
(25) where n = ±1, ±3, ±5, k 1 = 1, and k 2 = 2.
2) Power Losses in Inductors:
The losses of the inductor can be separated into core loss (P core ) and copper loss (P copper ). The core loss includes the hysteresis loss, the eddy current loss, and the residual loss in the magnetic material. The copper loss includes the loss produced by the current at fundamental frequency and ripple current at the switching frequency in the windings. The power loss of the inductor differs with the type of winding, type of the core material, and the switching frequency.
2-1) Copper Losses Calculation:
In general, the proximity and skin effects have contribution in the copper loss of the windings. In the case of the grid-side inductor L 32 , the highfrequency ripple current is adequately mitigated by the filter to meet the requirements; thus, the power loss will only be as a result of the fundamental frequency current. The copper loss of the series inductors excluding inverter-side inductors can be calculated as
where I RMS is the RMS value of the current in fundamental frequency and I ac is the RMS value of the ac-ripple current Switching volt-ampere crossover energy losses 0.5 mJ component. In (26) , R dc and R ac are dc-resistance and the ac-resistance of the series inductances except the inverter side inductance. For the solid conductor copper with the American wire gauge of 22, the maximum frequency for 100% skin depth is 42 kHz. Consequently, it can be assumed that R ac = R dc in this study. The inverter-side inductor conduction loss is given by
where R dc 1 is the resistance of the inverter-side inductor and I RMS 1 is the RMS inverter-side inductor current, given by
2-2) Core Loss Calculation:
The core loss can be found with the satisfactory accuracy using the Steinmetz equations supplied by the manufacturer's datasheet, using the following equation:
where k, α, and β are parameters of the material typically indicated by curve fitting; B is the flux density, in Tesla, and V e is the magnetic core volume, in cm 3 . The equation only works with a sinusoidal frequency and does not consider factors such as dc-offset.
B. Inverter Loss Analysis
The power loss of the inverter can be calculated by evaluating the switching and the conduction losses of the power switches. The loss of each power switch can be written as follows [28] :
where P Scon and P S sw are the conduction and switching losses of the switch S x , respectively, R F is the equivalent resistance of the switch during ON state, E on and E off are volt-ampere crossover energy losses during the switch turn-ON and turnOFFtransitions, respectively, C oss is the output capacitance of the switch, and V in is the input voltage. Typical values which are used in the inverter, are presented in Table II . Using (30) and Table II , the efficiency of the inverter connected to a conventional LLCL filter is 95.2359% and the efficiency of the inverter connected to the proposed L(LCL) 2 is 95.2357%. Therefore, it can be concluded that the increased current ripple which is due to the use of the L(LCL) 2 filter, has a negligible effect on the efficiency of the inverter. Table III . It can be seen that besides highfrequency damping loss, other losses are less in the L(LCL) 2 filter. However, the total power loss is decreased by 3.12%, compared to that of the LLCL filter.
VI. CONCLUSION
In this paper, the principles of the conventional LLCL filter and parameter design of the L(LCL) 2 filters were proposed. Since grid-side inductance (L 21 ) of the LLCL filter is mainly decided by the harmonic currents around double the switching frequency instead of those around the switching frequency, it was replaced by a small trap at double the switching frequency. Compared to the LLCL filter, the replacement results in the reduction of the total inductance size, and hence, the total loss of the filter. The inverter-side inductance is divided into three parts to place resonant branches in between them. Therefore, the L(LCL) 2 filter has lower loss and better performance at high-order harmonics attenuation. In the proposed design, the maximum power factor variation remained unchanged and the current THD improved by 7.77%.
A 700 W single-phase grid-tied inverter was designed to compare the characteristics of the conventional LLCL filter and the suggested L(LCL) 2 filter through experimental results. In addition, the stability of the closed-loop system was analyzed. The results validate that the total loss and the value of the inductors of the L(LCL) 2 filter reduced by a factor of 3.12% and 22.22%, respectively, compared to that of the LLCL filter.
